A trial fibrillation (AF) is the most common sustained tachyarrhythmia encountered in clinical practice. 1 Pulmonary vein isolation (PVI) is the mainstream catheter ablation technique for AF. 2, 3 For longer durations of AF, substrate modification with complex fractionated electrogram (CFE) ablation is necessary for patients who do not respond to PVI. The development of automated analysis algorithms temporal variation. We hypothesized that, in addition to the conventional FI algorithm, the temporal variation in the annotated FIs may provide important information for determining the features of critical CFEs. The purpose of this study was to evaluate a novel signal analysis concept based on the histogram of the FI values acquired by the CFE-mean algorithm, including the kurtosis (ie, shape of the FI distribution) and skewness (ie, asymmetry of the FI distribution). 7 
Methods

Patient Characteristics
Fifty-two consecutive patients with persistent AF who underwent radiofrequency ablation guided by a 3-dimensional anatomic mapping system (NavX, St. Jude. Medical, St. Paul, MN) were studied retrospectively. Persistent AF (including long-standing persistent AF) was defined according to the consensus statement on catheter and surgical ablation of AF. 8 At the beginning of the procedure, all patients presented with incessant AF. Patients with paroxysmal AF or persistent AF terminated by PVI were excluded.
Electrophysiological Study
After informed consent was obtained, each patient underwent an electrophysiological study and catheter ablation in a fasting state. All antiarrhythmic drugs except amiodarone were discontinued for at least 5 half-lives before the procedure. The 3-dimensional electroanatomic mapping method was performed as described previously. 9 Mapping was performed with an irrigated, 3.5-mm-tip, deflectable catheter (EPT, Boston Scientific Corporation, Natick, MA) inserted into the left atrium (LA) alongside the transseptal sheath without the need for an additional puncture site. The 3-dimensional geometry of the LA was then generated using the NavX system.
Catheter Ablation
The catheter ablation of AF involved the following steps.
Step 1: PVI After a successful transseptal procedure, continuous circumferential lesions encircling the right and left pulmonary vein (PV) ostia guided by the NavX system were created using a 3.5-mm irrigated-tip ablation catheter (EPT, Boston Scientific Corporation), as described previously. 9 Radiofrequency energy was applied continuously while repositioning the catheter tip every 40 seconds, with a target temperature of 35°C to 40°C and maximum power of 25 to 30 W in the power control mode. After the circumferential lesion set was completed, the ipsilateral superior and inferior PVs were mapped carefully by recording with a circular catheter (Spiral, AF Division, St. Jude Medical). Supplementary ablation applications were applied along the circumferential lines close to the earliest ipsilateral PV potentials.
Step 2: Continuous CFE Site Ablation
If AF did not stop after PVI, an additional CFE-guided substrate ablation was performed on the basis of the CFE maps after PVI. Because a prospective randomized study demonstrated that the empirical right atrial (RA) CFE ablation does not improve long-term AF-free survival, 10 the CFE ablation was confined to the continuous CFEs (mean FI ≤60 ms) in the LA and proximal coronary sinus (CS). 11, 12 The RA CFEs were not targeted. The end points of the CFE site ablation were to obtain prolonged cycle length, eliminate the CFEs (mean FI >120 ms), or abolish the local fractionated potentials (bipolar voltage <0.05 mV). The end point of step 2 was the elimination of all continuous CFEs in the LA and CS. If AF terminated during the linear ablation through the CFE sites, a complete linear ablation to the mitral annulus or nearest ablation line was performed to prevent proarrhythmias.
If AF did not stop after step 2, it was restored to sinus rhythm (SR) by electric cardioversion. PV-LA bidirectional conduction block and dissociated PV activity were confirmed during SR. Additional ablation at the sites of the residual PV potentials was applied from the atrial side of the PV antrum using the electrogram-guided approach to obtain entrance block.
Step 3: Non-PV Ectopies After SR was restored from AF either by procedural AF termination or by electric cardioversion, mapping and ablation were only applied to spontaneously initiating focal atrial tachycardias and non-PV ectopies that initiated AF. 13 First, we placed multiple catheters in the LA (ablation and spiral catheters), superior vena cava-RA (duodecapolar catheter), and CS to identify the location of the AF-initiating ectopy. Second, we used a mapping catheter to identify the earliest activation site of the ectopy. If any non-PV ectopy initiating AF from the superior vena cava was identified, the superior vena cava was isolated, guided by the circular catheter recordings from the superior vena cava-RA junction.
In this study, if the AF became organized during steps 1 or 2, electroanatomic mapping and ablation were performed to terminate the organized tachycardia. The AF termination was defined as AF restored to SR during the ablation in steps 1 or 2 without cardioversion. All patients underwent an RA cavotricuspid isthmus ablation with an 8-mm-tip ablation catheter. No AF inducibility tests using any β-agonists or pacing maneuvers were performed after the ablation procedure.
Signal Recording and Analysis
After acquiring the LA geometry, a 3.5-mm-tip catheter was selected as the roving catheter for sequential contact mapping, as described previously. 9, 14, 15 Regarding the protocol for signal sampling in the LA and CS, we divided the LA into 10 parts, as follows: the high and low anteroseptal wall, high and low posterior wall, medial and lateral mitral isthmus, anterior and posterior roof, and right and left PV-atrial junction.
14 At least 10 sites were determined in each region. The numbers of sites in each region were similar and nearly equally distributed. To avoid high-density mapping in the procedural termination sites, the distance of any paired adjacent mapping sites <5 mm was detected by the off-line software based on the 3-dimensional location. 9 Therefore, we selected the nearest site to analyze the characteristics of the procedural termination sites.
Regarding fractionation mapping, the NavX mapping parameters were set to the CFE mean, which is an interval analysis algorithm that measures the average index of the fractionation at each site and produces a color map representative of the CFE distribution. The settings used have been described previously 5 : a refractory period of 30 ms, peak-to-peak sensitivity from 0.05 to 0.1 mV, and duration of 10 ms. A CFE was defined as mean FI ≤120 ms, whereas non-CFEs were defined as FI >120 ms. Sites of continuous CFEs were the most fractionated sites with a local mean FI of ≤60 ms and recording duration of >6 seconds. The color annotation was set to a range of colors, with an FI of ≤60 ms shown in white to an FI of >120 ms shown in purple. The white areas in the NavX map represent the regions with continuous CFEs. Sites with shorter mean FIs indicated a high degree of temporal stability of the fractionated electrograms. The consistency of the fractionated electrograms over time was previously validated. 5 The electrograms assessed for each patient were acquired and characterized by the FI analysis. Furthermore, the statistical properties of the FI, including the kurtosis and skewness of FI distribution during a 6-second window, were assessed. Briefly, kurtosis measures the shape of the distribution of the fractionated intervals within the window beyond simply using means and SD ( Figure 1A ). Kurtosis indicates the relationship between each of the FIs to the mean; the higher the kurtosis, the less probability that FIs deviate from the mean. Meanwhile, skewness assesses the degree of asymmetry of the distribution, which indicates whether the FIs can be sufficiently represented by the mean or whether they should be represented by the median and mode ( Figure 1B) . The higher the skewness, the larger the differences between the mean FIs and their medians and modes. In addition, positive or negative skewness means that the mode and median of the FIs are lower or higher than the mean of the FIs, respectively. These features of bipolar electrogram recordings in patients with and without procedural AF termination were analyzed and compared. In patients with AF termination, we selected the procedural AF termination site for the signal analysis. However, if no AF termination site was located on the prior CFE mapping sites, we adopted the most adjacent mapping sites <5 mm away for the data analysis. Before exporting the recording data, the quality of the contact electrograms and CFE maps was confirmed by 2 independent physicians experienced in signal analysis.
Follow-Up of AF Recurrence
After discharge, the patients underwent follow-up-2 weeks after the catheter ablation and every 1 to 3 months thereafter-at our cardiology clinic or with the referring physicians; antiarrhythmic drugs were prescribed for 8 weeks to prevent any early recurrence of AF. During each follow-up after the ablation, 24-hour Holter monitoring or cardiac event recording was performed for 1 week to determine the cause of the clinical symptoms. Recurrence of atrial arrhythmia, including atrial tachycardia, atrial flutter, or AF, was defined as an episode lasting >1 minute and confirmed by ECG 2 months after the ablation. Patients with AF recurrence were asked to undergo a repeat ablation procedure after a blanking period of 2 months. 16 After the blanking period, we stopped the antiarrhythmic drugs in all patients without any AF recurrence.
Statistical Analysis
Data were presented as the mean value±SD if normally distributed. The non-normally distributed data were presented as quartiles (interquartile range: median, Q1-Q3). Nominal variables were compared with the Fisher exact test. The normally distributed continuous variables were compared using the Student t test and 1-way ANOVA, whereas the non-normally distributed variables were compared using the Mann-Whitney U test and Kruskal-Wallis test with a Bonferroni correction. Logistic regression analysis was used to determine the predictors of AF termination. The predicted probability of each subject was calculated with mean FI and mean FI plus median kurtosis. The area under the receiver operating characteristic curve was used to quantify the discrimination of each model. The DeLong method was used to compare the areas under the receiver operating characteristic curves of these 2 models. The normal distribution of the FI values was evaluated using the Shapiro-Wilk test. Kaplan-Meier curves were performed to determine the SR maintenance rates after the last procedure; the rates were then compared using the log-rank test. The level of statistical significance was set at P<0.05 (2-tailed). If a Bonferroni correction was applied, a corrected P value of 0.017 was used.
Results
Patient Characteristics and Catheter Ablation
The clinical characteristics of the study population are shown in Table 1 . Patients without AF termination had higher incidences of long-standing persistent AF and hypertension than those with AF termination (P<0.01). Patients without AF termination had a larger LA diameter and lower left ventricular ejection fraction on 2-dimensional echocardiography than patients with AF termination.
In the initial ablation step, PVI was performed successfully, and electric isolation was confirmed in all patients. However, PVI did not terminate the AF in all patients. In the next step, CFE ablation terminated the AF in 20 patients (38%); in the other 32 patients (62%), SR was restored by electric cardioversion. In the patients with AF termination, 6 patients (30% of the patients with AF termination) were restored to SR by CFE ablation around the CS. The residual PV potentials and non-PV triggers were subsequently eliminated in all patients. All patients successfully underwent a cavotricuspid isthmus ablation. Table 3 summarizes the signal characteristics of the targeted continuous CFE sites (FI ≤60 ms) in patients with and without AF termination. According to the Shapiro-Wilk test, both patients with and without AF procedural termination had low incidences of normal distributions of FI histograms, not only in the conventional CFE sites (≤120 ms; 10±8% versus 14±14% per patient, respectively; P=0.45) but also in Compared with a Gaussian distribution (ie, normal distribution), the probability distribution with large kurtosis (green line) has a higher distinct amplitude, fatter tails, and declines rapidly; meanwhile, that with small kurtosis (red line) has a more rounded peak and thinner tails. B, The formula for skewness for the univariate data Y 1 , Y 2 …Y N from the FI data. A skewness of 0 indicates a perfect symmetric distribution, whereas a positive value means a broader tail on the right compared with that on the left. Y·is the mean, s is the standard deviation, and N is the number of data points. 
Signal Characteristics at the Patient Level
Signal Characteristics at Individual CFE Sites
Prediction of Procedural Termination
Figures 2 and 3 show the signal analysis results in selected cases with and without procedural AF termination. The histogram analysis revealed that the AF termination sites in patients with AF termination exhibited maximal CFEs, which corresponds to high kurtosis; furthermore, the distribution of maximal CFEs was compatible with the high kurtosis area. Furthermore, several sites with high kurtosis in the noncontinuous CFE areas were observed in both patients with and without termination, indicating the presence of stable and organized fibrillatory activity with a long cycle length. Logistic regression analysis determined the predictors of AF termination; the odds ratios for CFF mean and median kurtosis were 12.07 and 30.84, respectively (P=0.013 and P=0.004, respectively). The predicted probability of each subject was calculated using CFE mean and CFE mean plus median kurtosis. The area under the receiver operating characteristic curve was used to quantify the discrimination of each model. The area under the curve was greater for CFE mean plus kurtosis (area under the curve=0.835) than for CFE mean only (area under the curve=0.68), with a sensitivity of 75% and specificity of 89% (Figure 4 ).
Long-Term Follow-Up
The rate of SR maintenance was 50% (n=26), with a mean follow-up duration of 14±8 months (median, 12 months) after a single procedure. Meanwhile, among the patients with recurrence of atrial arrhythmias (n=26), 17 (65%), 4 (15%), 3 (12%), and 2 (8%) had AF, typical atrial flutter, atypical atrial flutter, and atrial tachycardia, respectively. The SR maintenance rate was significantly lower among patients without AF termination than patients with AF termination (log-rank test, P=0.007; Figure 5 ). Furthermore, after a mean of 1.4±0.6 procedures per patient (median, 2 procedures), the rate of SR maintenance was 67% (mean, 17±8 months; median, 16 months; n=35), and the SR maintenance rate after the last procedure in patients without AF termination was significantly lower than that in patients with AF termination (log-rank test, P=0.038).
Discussion
Main Findings
To the best of our knowledge, this is the first report addressing the novel concept of histogram analysis for substrate mapping in patients with persistent AF. The results of this study demonstrate that histogram analysis from annotated FI data provides information about temporal variations of the annotated FI in the fractionation analysis. The lower temporal variability of the continuous CFEs (FI ≤60 ms), evidenced by the high kurtosis associated with AF termination, indicates the reliability of the mean FI. Furthermore, the response to the continuous CFE ablation was higher. However, in sites with low kurtosis, conventional methods using the mean FI may be inappropriate for identifying critical sites with a low procedural AF termination rate. This study demonstrates the adjunctive role of histogram analysis in the conventional mean interval-based algorithm for prediction termination.
Predicting AF Termination During Catheter Ablation
Because PVI alone is ineffective for treating patients with persistent AF, 8 it is necessary to perform additional substrate modification after complete PVI. Because several investigators report a correlation between procedural AF termination and better clinical outcomes in patients with AF, [17] [18] [19] most laboratories define procedural AF termination as an end point in patients with persistent AF. However, achieving procedural AF termination, especially in patients with persistent AF, may require more extensive procedures, including CFE modification and linear ablation. [20] [21] [22] [23] Although the results of the present study also revealed high SR maintenance rates in patients with AF termination, AF termination was achieved in only 38% of this population even though we targeted the continuous CFE sites after the complete isolation of all 4 PVs. A recent study by Elayi et al 20 found that procedural AF termination may not be a good indicator of long-term outcomes. However, in that study, the incidence of AF termination directly to SR was low (2%). Despite converting to atrial tachycardia in 56% of their study population, most patients still required electric cardioversion after further extensive ablation. These results indicate that the current algorithm based on the CFE mean is not optimal. Thus, it could be difficult to differentiate the responsible CFEs from the unimportant ones.
Implications of the Novel Histogram Analysis Method
A recent clinical study (the CFAE AF trial [Characterization of Fractionated Atrial Electrograms Critical for Maintenance of Atrial Fibrillation: A Randomized, Controlled Trial of Ablation Strategies]) demonstrates that ablating certain grades of CFE increases AF cycle length, irrespective of the order of CFE ablation; this indicates that different grades of CFEs play different roles. 24 The different roles of CFEs were also revealed by monophasic action potentials recordings, demonstrating the characteristics of the responsible sites, which differ from nonlocal and far-field signals. 25 At present, most automatic algorithms are based on the mean interval during AF. The present study is the first to use histogram analysis to evaluate the shape of the FI distribution within a 6-second window. For individual mapping sites, higher kurtosis indicates a lower probability that FIs deviate from the mean. Furthermore, because skewness assesses the degree of asymmetry of a distribution, it indicates whether FIs can be sufficiently represented by the mean or median or mode. The temporal variability of FIs can be used as an adjunctive tool for identifying the critical atrial substrate. At the patient level, the characteristics of continuous CFEs in patients with AF termination were different from those without AF termination. In patients with AF termination, high kurtosis in the maximal CFEs corresponded to the reliability of the mean FI values of these regions ( Figure 2C and 2D) . On the contrary, low kurtosis in the continuous CFEs indicated larger variations in the FIs, less accuracy of the mean FI values for detecting the CFEs, and a lower response to catheter ablation. These variations in the FIs and non-normally distributed data sets in the histogram analysis may limit the application of the cycle length-based automatic algorithms of CFEs for defining target sites. Low kurtosis of the CFE sites indicated the complexity of the fibrillation signals, as well as the difficulty in isolating the signals for precise analysis. Furthermore, the results of the present study demonstrate that the combination of kurtosis with the conventional CFE-mean can improve the predictive accuracy of procedural AF termination compared with the use of the CFE-mean value alone. Thus, in patients with persistent AF undergoing catheter ablation, histogram analysis may provide additional information regarding the reliability of the automatic algorithm of the FIs and predict the response to catheter ablation.
Study Limitations
The present study is limited because it was a singlecenter retrospective study with a relatively small number of patients. In addition, the priority of CFE ablation was not based on kurtosis. A further prospective study is warranted to confirm the role of these regions. The morphology of the discrete electrograms during AF may provide some useful information for AF ablation. 25, 26 However, we only investigated the variation in the intervals and not the electrogram morphology, which requires further study. We did not analyze the FI histograms before PVI. Therefore, our findings could be affected by the elimination of a critical area for AF maintenance along the PVI line, as reported previously. 9 Finally, the atrial debulking effect may exist when targeting the next CFE site; this is the universal limitation faced when investigating the characteristics of CFE sites. Receiver operating characteristic curve analysis for the prediction of procedural atrial fibrillation (AF) termination at the patient level by using complex fractionated electrogram (CFE) mean and CFE mean plus median kurtosis. The probability score was used to determine the optimal model for predicting AF termination. FI indicates fractionation interval; AUC, area under the curve. 
Conclusions
In persistent AF patients with AF termination, continuous CFEs (mean FI ≤60 ms) are characterized by a high stationary status compared with patients without AF termination. A kurtosis analysis using the FI histogram may be a useful tool in identifying the critical substrate for persistent AF and potential responders to catheter ablation. Continuous CFEs with higher temporal stability between intervals are shown to be an important characteristic of ablation sites that cause procedural AF termination in patients with persistent AF. In patients without AF termination, low kurtosis in the continuous CFEs indicated larger variations in the FIs and less accuracy of the mean FI values for detecting the CFEs.
